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We have previously shown that the presence of the CD4 cytoplasmic tail is critical for human immunode-
ficiency virus (HIV)-induced apoptosis (J. Corbeil, M. Tremblay, and D. D. Richman, J. Exp. Med. 183:39–48,
1996). We have pursued our investigation of the role of the CD4 transduction pathway in HIV-induced
apoptosis. To do this, wild-type and mutant forms of the CD4 cytoplasmic tail were stably expressed in the
lymphoblastoid T-cell line A2.01. Apoptosis was prevented when CD4 truncated at residue 402 was expressed;
however, cells expressing mutated receptors that do not associate with p56lck (mutated at the dicysteine motif
and truncated at residue 418) but which conserved proximal domains of the cytoplasmic tail underwent
apoptosis like wild-type CD4. The differences between wild-type and mutated receptors in the induction of
apoptosis were not related to levels of p56lck or NF-kB activation. Initial signaling through the CD4 receptor
played a major role in the sensitization of HIV-infected T cells to undergo apoptosis. Incubation of HIV-
infected cells with monoclonal antibody (MAb) 13B8-2, which binds to CD4 in a region critical for dimerization
of the receptor, prevented apoptosis without inhibiting HIV replication. Moreover, the apoptotic process was
not related to Fas-Fas ligand interaction; however, an antagonistic anti-Fas MAb (ZB-4) enhanced apoptosis
in HIV-infected cells without inducing apoptosis in uninfected cells. These observations demonstrate that CD4
signaling mediates HIV-induced apoptosis by a mechanism independent of Fas-Fas ligand interaction, does not
require p56lck signaling, and may involve a critical region for CD4 dimerization.

Human immunodeficiency virus (HIV) infection in vivo is
characterized by high levels of continuous viral replication (19,
39, 40, 72). Similarly, CD4 cells in HIV-infected patients are
undergoing a dynamic process with increased levels of destruc-
tion and replacement to maintain steady state. Virus replica-
tion may be directly involved in the destruction of HIV-in-
fected CD41 T cells. In addition, there is a general state of
immune system activation in HIV-infected patients that con-
tributes to enhanced apoptosis of both infected and bystander
cells in vivo (27, 55).

Apoptosis is a cellular suicide process regulated by both
internal and external factors (56, 68). The various stimuli trig-
gering apoptosis are assumed to converge to a common exe-
cutioner pathway that involves the release of cytochrome c
from the mitochondria into the cytoplasm and activation of
caspase family proteases (2, 38, 64). The cellular changes as-
sociated with apoptosis include exposure of phosphatidylserine
on the plasma membrane externally and nuclear damage typ-
ified by chromatin condensation and oligonucleosomal DNA
fragmentation.

Apoptosis has been shown to mediate HIV cytopathology in
vitro (35, 49, 67) and may contribute to CD41-T-cell depletion
in vivo. The HIV env gene products gp120 and gp41 have been
reported to induce apoptosis by engagement of the CD4 re-
ceptor (50), while cross-linking of bound gp120 and T-cell
receptor has been shown to prime for activation-induced apo-
ptosis (5). Other viral genes like tat may accelerate Fas-medi-

ated apoptosis in association with gp120 (74). vpr has also been
demonstrated to be capable of inducing or suppressing apo-
ptosis (3, 59, 62). Signaling through Fas may contribute signif-
icantly to T-cell depletion in HIV-1-infected patients (6, 24, 25,
45); however, the role of Fas in inducing apoptosis in HIV-
infected cells remains to be fully characterized. The potency of
the Fas-Fas ligand interaction to induce apoptosis appears to
differ between T-cell lines and primary T cells (32, 57).

We previously demonstrated that productive HIV-1 infec-
tion triggered apoptosis in lymphoblastoid T-cell lines and that
the cytoplasmic tail of CD4 was required for apoptosis (20, 21).
We showed that HIV-induced apoptosis was prevented in cells
expressing a truncated CD4 mutant that lacks the whole CD4
cytoplasmic tail (truncation at residue 402). In this study, we
examined the role of the CD4 signaling and Fas signaling
pathways in HIV-induced apoptosis in A2.01 lymphoblastoid T
cells expressing wild-type or mutated CD4 receptors. We also
addressed the role of NF-kB in the control of HIV-induced
apoptosis in cells expressing wild-type or mutated CD4 recep-
tors, since NF-kB activation modulates apoptosis (4, 7, 34, 52).
The cytoplasmic tail of the CD4 receptor is functionally im-
portant for CD4-mediated signal transduction during T-cell
activation (31, 71). This function is dependent on the associa-
tion of protein tyrosine kinase p56lck with CD4 (69, 70). There-
fore, we determined whether the association of CD4 with
p56lck was required for HIV-induced apoptosis. HIV-infected
cells expressing CD4 constructs that did not associate with
p56lck but conserved all or part of the cytoplasmic tail (substi-
tution in the dicysteine motif and truncation at residue 418,
respectively) underwent apoptosis. Moreover, p56lck signaling
was not rescued in cells expressing CD4 mutants that do not
associate with p56lck, demonstrating that p56lck signaling is dis-
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pensable for HIV-induced apoptosis. Initial signaling through
the CD4 receptor was found to be critical for HIV-induced
apoptosis. Prolonged presence of the CD4 receptor on the sur-
face of HIV-infected cells did not appear to enhance the level
of apoptosis. The anti-CD4 antibody 13B8-2 that interacts with
a critical region for CD4 dimerization was able to prevent the
apoptosis of productively HIV-infected cells while not inhibit-
ing virus replication, corroborating the essential role of CD4
signaling in HIV-induced apoptosis. HIV-induced apoptosis
was not mediated by Fas-Fas ligand interaction, since the Fas-
Fc decoy was unable to prevent apoptosis in HIV-infected
cells.

MATERIALS AND METHODS

Antibodies. Murine monoclonal antibody (MAb) OKT-4 (anti-human CD4)
was used as ascites (hybridoma from the American Type Culture Collection).
The fluorescein isothiocyanate (FITC)-labeled OKT4 MAb and the 13B8-2 MAb
were purchased from Johnson & Johnson (Raritan, N.J.) and Immunotech Inc.
(Westbrook, Maine), respectively. FITC-conjugated goat anti-mouse immuno-
globulin G (IgG) was obtained from Biosource International (Camarillo, Calif.).
The rabbit antiserum against lck and the peroxidase-coupled polyclonal goat
anti-mouse Ig were purchased from Pharmingen (San Diego, Calif.). 4G10 MAb
(antiphosphotyrosine) was obtained from Upstate Biotechnology (Lake Placid,
N.Y.). Peroxidase-labeled goat anti-rabbit IgG was obtained from The Binding
Site Inc. (San Diego, Calif.). The goat anti-mouse IgG(Fab9)2 was obtained from
Biosource International. The agonistic CD95 IgM MAb (clone CH-11) was
obtained from Upstate Biotechnology. The soluble Fas receptor decoy (human
Fas-Fc Ig fusion protein) was a generous gift from C. Ware (La Jolla Institute for
Allergy and Immunology, La Jolla, Calif.). The anti-Fas IgG1 antibody clone
ZB4 was from Immunotech Inc. The biotin-conjugated mouse anti-human Fas
ligand MAb (clone NOK-1) was obtained from Pharmingen.

Generation of stably transfected CD4 cell lines. Plasmids encoding wild-type
or mutant CD4 receptors that interfere with Nef-associated motifs (LL-to-AA
substitution in the dileucine motif at residues 413 and 414 and M-to-T substitu-
tion at residue 407) and that partially lack the CD4 cytoplasmic tail (truncation
at residue 418) were obtained from D. Trono (University of Geneva, Geneva,
Switzerland). Other CD4 mutants that disrupt the association with p56lck (CC-
to-AA substitution in the dicysteine motif at residues 420 and 422) or lack the
CD4 cytoplasmic tail (truncation at residue 402) were described previously (21).
The CD4 sequences were subsequently cloned as XhoI-BamHI fragments in the
retroviral expression vector pLPONL (76) and were transfected in the packaging
cell line 293GP (Viagene, La Jolla, Calif.) by calcium phosphate coprecipitation.
293GP cells were selected for neomycin resistance with G418 (500 mg/ml), and
the resistant population was used to generate pseudotyped virus. 293GP clones
were transfected with 20 mg of an expression plasmid for vesicular stomatitis
virus protein (pHCMV-G) by calcium phosphate coprecipitation. The pseudo-
typed virions were collected 72 h after transfection. Culture supernatants were
filtered and used to infect the lymphoblastoid T-cell line A2.01, obtained from
Rafick-Pierre Sekaly (Institut de Recherches Cliniques de Montréal, Montréal,
Canada), in the presence of Polybrene (8 mg/ml). Resistant A2.01 cell popula-
tions were selected for each of the constructs, and cells expressing CD4 on their
surface were sorted under sterile conditions by fluorescence-activated cell sorting
(with the MAb OKT-4). For each cell line, we used flow cytometry to select bulk
populations expressing comparable levels of CD4 at the cell surface, by using
Quantum Simply Cellular microbeads (Flow Cytometry Standards Corp., San
Juan, P.R.) and the MAb OKT-4 conjugated to FITC. Wild-type and mutated
CD4 cell lines were grown in RPMI 1640 medium (Gibco-BRL, Gaithersburg,
Md.) supplemented with 10% (vol/vol) fetal bovine serum, 2 mM glutamine,
penicillin, and streptomycin. The stable transfected cells were maintained under
G418 (500 mg/ml) selection.

Virus preparation, in vitro HIV-1 infection, and p24 ELISA. High-titer stocks
of HIV-1LAI (2.5 3 106 50% tissue culture infective doses [TCID]50/ml) were
prepared and subjected to titer determination by end-point dilution (44). High
titer stocks were prepared by inoculating CEM cells at a multiplicity of infection
(moi) of 0.001 TCID50/ml and growing the cells for 10 days. A 10-ml volume of
culture was added to 400 ml of uninfected CEM cells (5 3 105 cells/ml) and
grown for 5 to 7 days until abundant syncytia were present. The cells were
pelleted (300 3 g for 10 min) and resuspended in 1/100 of the initial volume for
8 h. The supernatant was clarified by centrifugation (800 3 g for 10 min).

The infection protocol was identical for each of the cell lines. Cells were
passaged the day before infection in the absence of G418 selection. Briefly, 5 3
106 to 10 3 106 cells were infected with HIV-1LAI at a moi of 0.1. After a 2-h
inoculation period at 37°C in 5% CO2 in air, the cells were washed three times
in phosphate-buffered saline (PBS) to remove inoculum virus and resuspended at
a density of 5 3 105 cells/ml in RPMI 1640 medium.

CD41 T cells were isolated from peripheral blood mononuclear cells as de-
scribed by Spina et al. (61). Purified CD41 T cells were cultured in fresh medium
(RPMI 1640 medium supplemented with 10% [vol/vol] fetal bovine serum, 2 mM

glutamine, penicillin, and streptomycin) containing recombinant interleukin-2
(rIL-2) (final concentration, 40 U/ml; DuPont-New England Nuclear Research
Products, Boston, Mass.) and stimulated with phytohemagglutinin (3 mg/ml;
Sigma). After 72 h of stimulation, CD41 T cells were infected with HIV-1LAI at
a MOI of 0.1. After a 2-h inoculation period at 37°C in 5% CO2 in air, the cells
were washed three times in PBS to remove inoculum virus and resuspended at a
density of 106 cells/ml in fresh medium containing rIL-2 (final concentration, 40
U/ml).

HIV-1 p24 antigen was measured by enzyme-linked immunosorbent assay
(ELISA) as described by the manufacturer (Coulter Corp., Miami, Fla.).

Assays for apoptosis. (i) DNA fragmentation and cell cycle analysis. Cells (2 3
106) were washed in PBS, resuspended in 30% ethanol in PBS, and kept at 4°C
until analyzed. The cells were stained with propidium iodide for DNA content
analysis as previously described (23, 66).

(ii) Fluorochrome-labeled annexin-V binding. Phosphatidylserine on the outer
lamella of apoptotic cell membranes was detected with FITC-conjugated an-
nexin-V (R&D System, Minneapolis, Minn.). Differentiation from necrotic cells
was performed with 7-AAD as specified by the manufacturer.

(iii) Light microscopy. Cells displaying characteristic condensation and frag-
mentation of nuclear chromatin and permeable to trypan blue were counted as
apoptotic, as previously described (42).

Quantification of surface CD4 receptor expression by flow cytometry. Unin-
fected and HIV-infected cells (106) were washed in PBS and resuspended in 200
ml of PBS with 2% fetal bovine serum. The fluorescein-conjugated anti-CD4
MAb OKT-4 was added (20 ml) to the cells, which were then kept at 4°C for 30
min for staining. The cells were then washed in PBS, resuspended in 500 ml of 1%
paraformaldehyde in PBS, and kept in the dark at 4°C until analyzed by fluo-
rescence-activated cell sorting. CD4 cell surface expression was quantified with
Quantum Simply Cellular microbeads and analyzed by flow cytometry (Elite;
Coulter).

Immunoprecipitation of the CD4 receptor. Cells expressing wild-type or mu-
tated CD4 (107 cells) were washed with ice-cold PBS and lysed on ice with 500
ml of lysis buffer (1% Nonidet P-40 [NP-40], 20 mM HEPES [pH 7.9], 150 mM
NaCl, 20 mM NaF, 1 mM sodium pyrophosphate, 1 mM EDTA) in the presence
of protease inhibitors (10 mg of leupeptin per ml, 10 mg of aprotinin per ml, and
1 mM phenylmethylsulfonyl fluoride) and the tyrosine phosphatase inhibitor
sodium orthovanadate at 1 mM. The lysates were cleared by centrifugation, and
their protein concentration was determined by a Bradford assay. For immuno-
precipitations, 1-mg protein aliquots of lysates were precleared with protein
G-Sepharose (Pharmacia, Uppsala, Sweden) and incubated for 2 h at 4°C with
mouse IgG1 OKT-4 MAb coupled to protein A-Sepharose beads. The beads
were washed three times with the following buffers. Buffer 1 (50 mM Tris HCl
[pH 7.5], 150 mM NaCl, 0.1% NP-40), buffer 2 (50 mM Tris HCl [pH 7.5], 500
mM NaCl, 0.1% NP-40), and buffer 3 (10 mM Tris HCl [pH 7.5], 500 mM NaCl).
They were denatured by the addition of 13 nonreducing sodium dodecyl sulfate
(SDS) sample buffer. Denatured samples were resolved by SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane. The
membranes were blocked in SuperBlock blocking buffer in Tris-buffered saline
(TBS; Pierce, Rockford, Ill.) for 45 min at room temperature, and CD4-associ-
ated p56lck was detected by immunoblotting with rabbit antiserum against lck as
the primary antibody followed by peroxidase-labeled anti-rabbit IgG. The blot
was developed by using the enhanced chemiluminescence (ECL) detection sys-
tem (Amersham Inc., Cleveland, Ohio) as specified by the manufacturer.

Cross-linking, antiphosphotyrosine immunoblots, and kinase assays of p56lck.
Antibody-mediated cross-linking was performed as previously described (75). A
total of 5 3 106 cells were centrifuged, washed once in ice-cold PBS, and incu-
bated with 250 ml of the appropriate MAb at saturating concentration for 30 min.
The cells were washed twice in ice-cold PBS, resuspended in 100 ml of medium
without fetal bovine serum, and transferred to an Eppendorf tube. After 3 min
at 37°C, 2 mg of goat anti-mouse IgG(Fab9)2 was added to the cells and the mix-
ture was incubated for 2 min. The cells were washed in ice-cold PBS and lysed on
ice with 200 ml of lysis buffer as described above. The lysates were cleared by
centrifugation, and their protein concentration was determined by the Bradford
assay. For antiphosphotyrosine, the lysates were denatured by the addition of 23
nonreducing SDS sample buffer. Denatured samples were resolved by SDS-
PAGE and transferred to a nitrocellulose membrane. Proteins phosphorylated
on tyrosine residues were detected by immunoblotting with MAb 4G10 followed
by peroxidase-coupled polyclonal goat anti-mouse Ig. The blot was developed by
the enhanced chemiluminescence method. For the kinase assay, the lysates were
incubated for 2 h at 4°C with rabbit anti-lck coupled to protein A-Sepharose
beads (Pharmacia). The beads were washed once with PBS–0.5% NP-40, once
with 0.5 M LiCl–50 mM Tris HCl (pH 7.5), and once with distilled H2O. The
beads were then incubated at room temperature for 10 min in 30 ml of kinase
buffer (50 mM Tris HCl [pH 7.4], 10 mm MnCl2) containing 10 mCi of [g-32P]
ATP before being washed in distilled H2O and analyzed by SDS-PAGE and
autoradiography.

Nuclear extract preparation and EMSAs. Nuclear extracts were prepared as
previously described (54). The pellet (5 3 106 to 1 3 107 cells) was washed once
in ice-cold PBS, resuspended with 5 volumes of buffer A (10 mM HEPES [pH
7.9], 10 mM Tris [pH 7.8], 60 mM KCl, 1 mM EDTA, 1 mM dithiothreitol [DTT],
1 mM phenylmethylsulfonyl fluoride), and incubated on ice. Cells were lysed by
the addition of 2.5 ml of 5% NP-40, and lysis was microscopically monitored by

8062 MOUTOUH ET AL. J. VIROL.



trypan blue staining. Nuclei were pelleted at 1,200 3 g for 1 min, washed once in
5 volumes of buffer A, and resuspended in 200 ml of buffer B (250 mM Tris [pH
7.8], 60 mM KCl, 1 mM DTT, 1 mM phenylmethylsulfonyl fluoride. After the
nuclei had been transferred to Eppendorf tubes, three freeze-thaw cycles were
performed with dry ice and a 37°C water bath. Nuclei were removed by centrif-
ugation at 14,000 3 g for 15 min. The protein concentration of the supernatant
was determined by the micro-Bradford assay, and the supernatants were stored
at 280°C until used. The binding reactions were performed in a volume of 20 ml
containing 2 ml of binding buffer (100 mM Tris [pH 7.5], 500 mM NaCl, 10 mM
DTT, 10 mm EDTA, 50% glycerol), 1 ml of 10 mM DTT, 2 ml of poly(dI-dC)
(0.25 mg/ml), 10 mg of protein extract (for NF-kB and Oct-1 electrophoretic
mobility shift assay [EMSA]), and 2 ml of radioactively labeled DNA probe
(10,000 cpm/ml). After incubation at room temperature for 15 min, the reaction
products were separated on a 6% polyacrylamide gel. In competition experi-
ments, unlabeled probes were added in excess to the reaction mixture before the
addition of 32P-labelled probes.

RNA isolation and RT-PCR amplification. Total RNA was extracted from 2 3
106 cells with the RNeasy total RNA kit (Qiagen Inc., Chatsworth, Calif.). RNA
samples (5 mg) were then mixed with 300 ng of oligonucleotide (dT015 primer
[Promega]), heated at 65°C for 5 min, and cooled on ice. First-strand cDNA
synthesis was carried out at 37°C for 1 h in a total volume of 50 ml containing 50
mM Tris HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 4 mM
deoxynucleoside triphosphates, 10 U of RNase inhibitor (Promega), and 50 U of
Moloney murine leukemia virus reverse transcriptase (RT) (Gibco-BRL). Each
cDNA mixture (5 ml) was subsequently amplified in a total volume of 100 ml
containing 20 mM Tris-HCl (pH 8.7) at 20°C, 16 mM (NH4)2SO4, 2.5 mM
MgCl2, 200 mM deoxynucleoside triphosphates, 700 ng of each primer, and 2.5
U of Taq DNA polymerase (Perkin-Elmer). Primer sequences for the Fas ligand
59-agctcttccacctgcagaag-39 (sense) and 59-cctcaaaattgaccagagagag-39 (antisense)
were designed to amplify a 504-bp product. Primer sequences for b-actin 59-ga
cgaggcccagagcaagagagg-39 (sense) and 59-gatccacatctgctggaaggtggac-39 (anti-
sense) were designed to amplify a 350-bp product of the b-actin transcript and
were used as a control for RNA extraction. Amplification was carried out in a
thermal cycler (Perkin-Elmer) for 2 min at 94°C and for 35 cycles (Fas ligand) or
30 cycles (b-actin) as follows: for Fas ligand, 1 min at 94°C, 1 min at 56°C, and
1.5 min at 72°C with a final elongation for 8.5 min at 72°C; for b-actin, 15 s at
94°C and 1 min at 68°C with a final elongation for 10 min at 72°C.

RESULTS

The CD4 cytoplasmic tail, independent of its association
with p56lck, is a determinant for HIV-induced apoptosis during
acute HIV infection. To investigate the role of the CD4 trans-
duction pathway in HIV-induced apoptosis, CD4 wild-type and
mutated receptors (Fig. 1) were stably expressed in the lym-
phoblastoid T-cell line A2.01, which does not express CD4.
The mutations included the disruption of the association of
CD4 and p56lck (AA substitutions in the dicysteine motif at
residues 420 and 422) or interference with Nef-associated mo-
tifs (AA substitutions in the dileucine motif at residues 413 and
414 or substitution at residue 407) (1, 41, 60) and partial or
total truncations of the CD4 cytoplasmic tail (at residues 418
and 402, respectively). These variants were expressed at the
surface of A2.01 cells at comparable levels with a mean density
of 40,000 to 50,000 CD4 receptors per cell, which approximates
the number of receptors found on primary CD41 T cells (Fig.
2).

Apoptosis was evaluated in these cells after infection with
HIV-1LAI at a MOI of 0.1 TCID50/ml. The level of viral pro-
duction, determined by ELISA for HIV p24 antigen, was com-
parable for each of the constructs (Fig. 3A). Apoptosis was
assessed by several methods: flow cytometry (both cell cycle
analysis and fluorochrome labeled annexin-V binding), fluo-
rescent DNA dye (Hoechst dye uptake), and light microscopy
(nuclear condensation and fragmentation). These different
techniques provided very similar percentages of apoptosis. Apo-
ptosis was measured after HIV infection of the cell lines ex-
pressing different CD4 constructs, using flow cytometry with
FITC-conjugated annexin-V (Fig. 3B).

Cells expressing the mutation at the dileucine motif and the
mutation at residue 407 underwent apoptosis like those ex-
pressing the wild-type CD4. Higher levels of apoptosis were
consistently observed in HIV-infected cells expressing the mu-

tation at residue 407. Cell death was also observed after infec-
tion of cells expressing the mutation at the dicysteine motif,
which does not associate with p56lck. This demonstrated the
ability of HIV to induce apoptosis when CD4-p56lck associa-
tion was disrupted. This was further confirmed with the CD4
construct truncated in the CD4 cytoplasmic tail at residue 418.
This mutant could be expressed only with a lower mean inten-
sity of fluorescence compared to the CD4 mutant truncated at
residue 402 (Fig. 2); however, cells expressing this truncated
mutant receptor displayed comparable levels of apoptosis to
those expressing the wild-type CD4 (21.4% on day 4 after
infection) (Fig. 3B). Despite similar levels of viral production,
apoptosis was abrogated in infected cells expressing the mutant
truncated at residue 402. These results demonstrate that CD4-
p56lck association is dispensable for HIV-induced apoptosis
and that the first 18 amino acids of the CD4 cytoplasmic tail
are sufficient to mediate the process. Cell cycle analysis and
DNA profiles confirmed that cells expressing wild-type CD4
and constructs with mutations at residue 407, the dileucine
motif, and the dicysteine motif, all underwent apoptosis while
those expressing a truncation at residue 402 displayed little
apoptosis during HIV infection. DNA profiles consistently
showed a diminution of the proportion of cells in the G1 phase
of the cell cycle, a concomittant increase in the fraction of cells
in G2/M, and the appearance of cells with a sub-G1 DNA
content, representing apoptotic cells. The DNA profile of the
cells expressing the mutant truncated at residue 402 showed a
constant and specific accumulation of aneuploid cells upon
HIV infection but no apoptotic cells (sub-G1 DNA) during the
4 days of observation (data not shown).

HIV-induced apoptosis is independent of NF-kB transacti-
vation. NF-kB may either protect from or promote apoptosis
(4, 7, 34, 52). We examined whether cells expressing distinct
forms of the CD4 receptor, with their associated differential
susceptibility to undergo apoptosis during HIV infection, dif-
fered in NF-kB activation. NF-kB activity in uninfected and
HIV-infected A2.01 cells expressing wild-type and truncated

FIG. 1. Schematic representation of CD4 and the mutants investigated in this
study. The CC-to-AA substitution in the dicysteine motif 420 and 422 disrupts
CD4-p56lck association, the LL-to-AA substitution in the dileucine motif 413 and
414 and the M-to-T mutation at residue 407 interfere with Nef-associated motifs,
and the truncations at amino acid residues 418 and 402 respectively (418 Stop
and 402 Stop) partially or totally delete the CD4 cytoplasmic tail. These con-
structs were stably expressed in the lymphoblastoid T-cell line A2.01.
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CD4 were analyzed by EMSA. To determine whether the ap-
optotic phenotype in HIV-infected cells was related to differ-
ent degrees of NF-kB activation, NF-kB DNA binding activity
was analyzed before infection and 3 days after infection (when
cells were undergoing apoptosis). Equal amounts of protein
from nuclear extracts of cells expressing wild-type or mutated
CD4 were analyzed with a 32P-labeled DNA probe encompass-
ing a consensus binding site for NF-kB (Fig. 4A, upper panel).
Basal levels of NF-kB activity were detectable in wild-type and
mutated CD4 cells. Three days after infection, NF-kB binding
activity was diminished in infected cells compared to uninfect-
ed cells, regardless of whether they expressed wild-type or mu-
tated CD4. NF-kB activity was quantified by phosphorimaging,
and ratios were obtained by normalizing to the level of endog-
enous Oct-1 activity. The ratios confirmed the general decrease
in NF-kB activity in cells expressing wild-type or mutated CD4
independently of their apoptotic phenotype. The DNA-binding
activity of the ubiquitous factor Oct-1, used as input control,

was similar in cells expressing wild-type and mutant CD4 (Fig.
4A, lower panel). The specificity of the transcription factor bind-
ing was confirmed by a competition assay performed with a
molar excess of unlabeled NF-kB oligonucleotide probe (Fig.
4B). The propensity of cells expressing wild-type and mutated
CD4 to undergo apoptosis did not correlate with any distinc-
tive modification in NF-kB activation. The apoptotic outcome
was neither predetermined by initial level of NF-kB activity
nor related to a specific level of NF-kB activity during HIV-
induced apoptosis. These results demonstrate that NF-kB activity
is not involved in the induction of cell death during HIV
infection of the lymphoblastoid T-cell line A2.01.

The CD4 cytoplasmic tail is critical for HIV-induced apo-
ptosis independent of p56lck signaling. The reduced levels of
HIV-induced apoptosis in cells expressing a truncated CD4
molecule indicated that HIV signaling through the CD4 recep-
tor may activate a signal transduction pathway leading to apo-
ptosis. To further characterize the signal mediated through the

FIG. 2. Cell surface expression of CD4 wild-type (wt) or mutants stably expressed in the lymphoblastoid T-cell line A2.01. Surface levels of CD4 were evaluated
by flow cytometry after staining with FITC-labelled OKT-4 anti-CD4 antibody. The abscissa gives the relative fluorescence intensity on a logarithmic scale. The mutant
truncated at residue 418 was generated later, and the flow cytometry profile corresponds to an independent analysis. diL, dileucine; diC, dicysteine.
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CD4 cytoplasmic tail and determine whether p56lck signaling
may be involved despite the disruption of p56lck-CD4 associa-
tion (18), we examined the patterns of protein tyrosine phos-
phorylation and tyrosine kinase activity of p56lck upon CD4
stimulation in cells expressing wild-type CD4 and variants of
CD4 mutated to not associate with p56lck. The association of
CD4 with p56lck was comparable in A2.01 cells expressing
wild-type CD4 and in those expressing CD4 mutated at the
dileucine motif and residue 407 (Fig. 5A). As expected, p56lck

did not coimmunoprecipitate with CD4 in cells expressing the
dicysteine or truncated mutants, in contrast to wild-type CD4.
All these forms of CD4 were cross-linked with OKT-4 MAb,
which recognizes an epitope in extracellular domain 4 of the

CD4 receptor. The pattern of protein tyrosine phosphorylation
after stimulation with OKT-4 MAb was comparable for each of
the CD4 constructs (Fig. 5B); however, wild-type CD4, which
associates with p56lck, displayed an increased in p56lck phos-
phorylation. Similar patterns of protein tyrosine phosphoryla-
tion were observed when the CD4 receptor was cross-linked
with MAbs that recognize different epitopes of the CD4 re-
ceptor (Leu3a and 13B8-2; data not shown). No changes in
tyrosine phosphorylation were observed after cross-linking with
UV-psoralen-inactivated HIV (data not shown). Wild-type
CD4, the construct with the mutation at the dicysteine resi-
dues, and constructs truncated at residues 402 or 418 exhibited
different patterns of p56lck kinase activity in unstimulated cells
(Fig. 5C). Cross-linking of CD4 with OKT-4 MAb led to a
rapid and potent autophosphorylation of p56lck in wild-type
CD4. Mutated receptors that do not associate with p56lck pre-
sented either no modification (402 truncated mutant) or abo-
lition (dicysteine and 418 truncated mutants) of initial p56lck

kinase activity. These results indicate that the apoptotic phe-

FIG. 3. Apoptosis in CD4 cells expressing wild-type or mutant CD4 infected
with HIVLAI. (A) Virus production assessed by p24 antigen ELISA in CD4
wild-type (wt) and mutants infected with HIVLAI (MOI, 0.1). (B) Apoptosis
assessed by flow cytometry (fluorochrome-labelled annexin-V binding). The re-
sults presented are representative of five independent experiments. The mutant
truncated at residue 418 was generated later, and the results presented are
representative of three independent experiments. diL, dileucine; diC, dicysteine.

FIG. 4. DNA-binding activity of NF-kB during HIV-induced apoptosis in
cells expressing wild-type or mutant CD4. (A) Effect of HIV-infection on NF-kB
activation in wild-type and mutant CD4. Equal amounts of nuclear extracts (10
mg) were subjected to EMSA and analyzed with 32P-labeled DNA probes en-
compassing a consensus binding site for NF-kB and the ubiquitous factor Oct-1.
Nuclear extracts of uninfected cells (lanes 1 to 7) or cells infected with HIVLAI
for 3 days (lanes 8 to 14) expressing CD4 wild type (lanes 1 and 8), mutants 407
M to T (lane 2 and 9), dileucine (lane 3 and 10), dicysteine (lane 4 and 11), 402
truncated (lanes 5 and 12), and 418 truncated (lanes 6 and 13) and the vector
control (lane 7 and 14) were analyzed. The levels of NF-kB transactivation in
wild-type and truncated CD4 mutants were quantified by phosphorimaging, and
ratios were obtained by normalizing to the level of Oct-1 activity. (B) Competi-
tion experiments to establish the specificity of Oct-1 (lanes 1 to 3) and NF-kB
(lanes 4 to 6) oligonucleotides. Nuclear extracts (5 mg) from cells expressing CD4
wild-type were subjected to EMSA. Lanes: 1, positive control with 32P-labelled
Oct-1 oligonucleotide; 2, 32P-labelled Oct-1 oligonucleotide incubated with an
excess of unlabeled Oct-1 oligonucleotide (competitor); 3, 32P-labelled Oct-1
oligonucleotide incubated with an excess of unlabeled NF-kB oligonucleotide
(non competitor); 4, positive control with 32P labelled NF-kB oligonucleotide; 5,
32P-labelled NF-kB oligonucleotide incubated with an excess of unlabeled
NF-kB oligonucleotide (competitor); 6, 32P-labelled NF-kB oligonucleotide in-
cubated with an excess of unlabeled Oct-1 oligonucleotide (noncompetitor).
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notype is associated with neither a particular pattern of ty-
rosine phosphorylation nor p56lck signaling.

Initial signaling mediated through the CD4 cytoplasmic tail
is sufficient to predispose HIV-infected cells to apoptotic cell
death. Because signaling mediated through the CD4 receptor
is critical to transduce an apoptotic signal in HIV-infected
cells, we hypothesized that less efficient down-modulation of
the CD4 receptor may enhance the process, prolonging the
presence of CD4 receptors at the cell surface. Nef, which
functions early in the viral life cycle, has been shown to down-
modulate the expression of the CD4 receptor at the cell sur-
face during HIV infection. We analyzed CD4 down-modula-
tion during HIV infection of cells expressing wild-type CD4 or
mutated variants of CD4. We also determined whether the
dileucine motif and other critical hydrophobic residues such as
methionine 407, which have been shown to be required in
Nef-induced CD4 down-regulation, might be critical during an
acute infection.

Expression of the CD4 receptor was evaluated by flow cy-
tometry at 0, 20, and 40 h after infection with HIV-1LAI (MOI,
0.1) (Fig. 6). CD4 constructs with mutations at the dileucine
motif and residue 407 were down-regulated as efficiently as the
wild type. Therefore, motifs in the cytoplasmic tail critical for
Nef-mediated endocytosis did not affect CD4 down-modula-
tion during an acute HIV infection. The CD4 construct with
the mutation at the dicysteine motif, which does not associate
with p56lck but retains the full-length cytoplasmic tail, was
down-regulated more rapidly than the wild type. At 20 h after
infection, more than 50% of the surface CD4 was endocytosed,

confirming that interaction of CD4 and p56lck contributes to
maintaining the presence of CD4 at the cell surface; however,
the level of HIV-induced apoptosis was not reduced in these
cells. The CD4 truncated at residue 402 was less down-regu-
lated at 20 h, which may be a result of the resistance of CD4 to

FIG. 5. CD4 signaling in cells expressing wild-type (wt) or mutant CD4 after cross-linking with OKT-4 anti-CD4 MAb. (A) Association of wild-type or mutant CD4
with p56lck. Equal amounts of protein lysate from CD4 wild-type and CD4 mutants, M407T, dileucine (diL), dicysteine (diC), and 402 truncated were immunopre-
cipitated (IP) with OKT-4 anti-CD4 MAb. Western blots of immune complexes were probed with antiserum specific for p56lck. Vector was used as a negative control.
lck of mouse origin containing the SH3-SH2 domains (amino acids 54 to 226) was used as a positive control. (B) Antiphosphotyrosine (4G10) immunoblots of wild-type
and mutant CD4 cellular lysates (40 mg of protein/lane) unstimulated (upper panel) or stimulated (lower panel) with anti-CD4 MAb (OKT-4). Cross-linking was
performed as follows. Cells were incubated with anti-CD4 at 4°C for 30 min, washed with cold PBS, and then cross-linked with a secondary antibody [GAM-IgG F(ab9)2]
at 37°C for 2 min and lysed. The molecular masses of the markers, in kilodaltons are indicated. (C) In vitro kinase activity of autophosphorylated p56lck in wild-type
or mutant CD4 unstimulated (upper panel) or stimulated after cross-linking with OKT-4 MAb as previously described (lower panel).

FIG. 6. Down-modulation of CD4 in A2.01 cells expressing wild-type (wt) or
mutant CD4 infected with HIVLAI. Expression of the CD4 receptor was deter-
mined by flow cytometry at 0, 20, and 40 h after infection with HIVLAI (MOI,
0.1). Samples were stained by direct immunofluorescence with FITC-labelled
anti-CD4 MAb OKT-4. For down-regulation of CD4 surface expression at 20
and 40 h, a representative of three independent experiments is shown. diL,
dileucine; diC, dicysteine.
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both Vpu-induced degradation and Nef-induced down-regula-
tion when the cytoplasmic tail is deleted (15, 53). By 40 h,
wild-type and mutated CD4 receptors had similar levels of
CD4 down-regulation. The extent of apoptosis, therefore, was
not related to the rate of cell surface CD4 down-modulation.
These results suggest that initial signaling through the CD4
cytoplasmic tail and HIV-1 infection are sufficient to generate
the apoptotic potential of the cell.

Signaling through the CD4 receptor modulates HIV-in-
duced apoptosis. The CD4 cytoplasmic tail has been shown to
be important for HIV-induced apoptosis. Therefore, we were
interested to find whether interference with CD4 signaling
could modify the apoptotic outcome of HIV-infected cells.
Dimerization is sufficient for activation of many receptors. The
CDR3-like region in domain 1 of the CD4 receptor is critical
for CD4 dimerization and may play an important role in CD4
signaling (11, 30, 48). Therefore, we examined whether the
anti-CD4 MAb 13B8-2, which binds the CDR3-like region in
domain 1, might affect the apoptotic process by interfering with
CD4 homodimer formation and signal transduction. We also
analyzed if the anti-CD4 MAb OKT-4, which binds a different
epitope in domain 4 of the CD4 molecule, interfered with apo-
ptosis. Cells expressing wild-type or mutated CD4 receptors
were infected with HIVLAI (MOI, 0.1) in the presence or ab-
sence of 13B8-2 MAb (10 mg/ml) or OKT-4 MAb (10 to 20
mg/ml). Viral production measured by the p24 antigen ELISA
was comparable in HIV-infected cells cultured in the presence
or absence of these MAbs. The growth rate of HIVLAI in cells

expressing wild-type CD4 (Fig. 7) and in cells expressing mu-
tated CD4 receptors (data not shown) were similar. The anti-
CD4 MAb 13B8-2 inhibited HIV-induced apoptosis without
significantly inhibiting viral production in cells expressing wild-
type CD4 (Table 1). Cells expressing the CD4 mutated at the
dicysteine motif were unstable after several passages, and back-
ground levels of apoptosis up to 20% were sometimes observed
in uninfected cells. HIV-induced apoptosis was efficiently pre-
vented in cells expressing CD4 mutations at residue 407, the
dileucine motif, or the dicysteine motif or truncated at residue
418 that do not associate with p56lck. This effect was specific to
13B8-2 MAb, since apoptosis was not prevented (wild-type
CD4 or constructs mutated at the dileucine motif or residue
407) or partially prevented (CD4 mutant mutated at the dicys-
teine motif or truncated at residue 418) when HIV-infected
cells were cultured in the presence of OKT-4 MAb. Impor-
tantly, 13B8-2 MAb was able to prevent HIV-induced apopto-
sis without inhibiting HIV replication, in primary CD41 T cells
infected with HIV-1LAI (MOI, 0.1) (Fig. 8).

Thus, specific signals transduced through the CD4 receptor
may modify the apoptotic outcome of HIV-infected cells, sub-
stantiating the notion that the initial CD4 signaling is deter-
mining in the subsequent propensity of cells to undergo HIV-
induced apoptosis.

HIV-induced apoptosis is not a consequence of Fas-Fas li-
gand interaction but may be modulated by Fas signaling. Fas
signaling is involved in the induction of apoptosis during HIV
infection of primary CD41 T cells. We speculated that HIV
signaling through the CD4 cytoplasmic tail may modulate Fas-
mediated apoptosis by accelerating the process of cell death
through up-regulation of Fas ligand expression (57). Cells ex-
pressing either wild-type CD4 or mutants of the CD4 receptor
constitutively expressed Fas (97%). To study the role of Fas
signaling in HIV-induced apoptosis, three different anti-Fas
antibodies were used: (i) clone CH-11, (ii) soluble Fas-Fc, and
(iii) clone ZB4. The prototypic MAb CH-11 (IgM) is referred
to as agonistic anti-Fas antibody since it induces Fas signaling
and apoptosis. The antagonistic anti-Fas chimeric antibody
Fas-Fc prevents Fas-Fas ligand interaction acting as a compet-
itive inhibitor. MAb ZB4 (IgG1) is referred to as antagonistic
anti-Fas antibody since it prevents signaling mediated by
CH-11 MAb and consequently prevents apoptosis (26). We
verified first that uninfected and HIV-infected A2.01 cell lines
(wild-type and mutant CD4) were sensitive to Fas-mediated
apoptosis by using the prototypic CH-11 MAb (Fig. 9A). Then,
to study the role of Fas-Fas ligand interaction in the apoptotic
process, cells expressing wild-type or mutant CD4 were in-
fected with HIV while Fas-Fas ligand interaction was blocked

FIG. 7. Virus production assessed by p24 antigen level in cells expressing
wild-type (wt) CD4 infected with HIVLAI. Cells expressing wild-type CD4 were
infected with HIVLAI (MOI, 0.1) in the presence or absence of 13B8-2 MAb (10
mg/ml) or OKT-4 MAb (10 to 20 mg/ml).

FIG. 8. The anti-CD4 MAb 13B8-2 inhibits HIV-induced apoptosis in primary CD41 T cells. Purified CD41 T cells were cultured in fresh medium containing rIL-2
(final concentration, 40 U/ml) and stimulated with phytohemagglutinin (3 mg/ml; Sigma). After 72 h of stimulation, CD41 T cells were infected with HIV-1LAI (MOI,
0.1) and cultured in fresh medium containing rIL-2 (final concentration, 40 U/ml) in the presence or absence of 13B8-2 MAb (10 mg/ml). Apoptosis assessed by
fluorochrome-labelled annexin-V binding on day 4 after infection is represented.
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with the antagonistic decoy Fas chimeric antibody (Fas-Fc, 10
mg/ml). The extent of apoptosis was monitored by light micros-
copy and flow cytometry (fluorochrome-labeled annexin-V bind-
ing). Soluble Fas-Fc, which efficiently abrogated apoptosis me-
diated by agonistic Fas IgM antibody clone CH-11 (Fig. 9A),
did not prevent apoptosis in HIV-infected cells (Fig. 9B). To
further confirm that Fas-Fas ligand interaction was not the
mechanism involved in HIV-induced apoptosis, we analyzed
the expression of Fas ligand at the cell surface and Fas ligand
mRNA upon HIV-1LAI infection. Cell surface expression of
Fas ligand, determined by flow cytometry (biotin-conjugated
anti-FasL MAb clone NOK-1 in the presence of metallopro-

teinase inhibitor) 0 and 48 h after infection, was not detectable
in cells expressing wild-type or mutated CD4 receptors and was
not up-regulated upon HIV-1LAI infection (data not shown).
Fas ligand mRNA expression, analyzed by RT-PCR at 0, 24,
and 48 h after infection, was detected only in A2.01 cells ex-
pressing the dicysteine and the 418 truncated mutant and was
not upregulated upon HIV infection (Fig. 9C). This low level
of basal Fas ligand mRNA expression in cells expressing the
dicysteine and truncated 418 mutants may contribute to the low-
er stability of CD4 on these cells after several passages in com-
parison to that of cells expressing CD4 wild-type or mutant
M407T, dileucine, or 402 stop.

Lastly, to study if Fas signaling may be modulated in HIV-
infected cells, we determined the extent of apoptosis in the dif-
ferent cell lines infected with HIV-1LAI in the presence or ab-
sence of the antagonistic anti-Fas antibody clone ZB4. ZB4
antibody inhibited cell death in either HIV-infected cells or
uninfected cells cultured for 24 h in the presence of CH-11
antibody (0.2 mg/ml); the level of inhibition of Fas-mediated
apoptosis was modulated over time, with complete inhibition
at 4 h but partial inhibition at 24 h (data not shown). Apoptosis
was increased considerably when HIV-infected cells were cul-
tured for 72 h in the presence of ZB4 antibody (0.2 mg/ml)
compared to cells cultured without ZB4 antibody (Fig. 10). As
reported by others, in uninfected cells this antibody did not
induce apoptotic cell death; however, in HIV-infected cells this
anti-Fas antibody considerably potentiated apoptosis. There-
fore, the outcome of Fas signaling with ZB4 MAb was different
in noninfected and HIV-infected cells. Thus, HIV-induced apo-
ptosis in lymphoblastoid T-cell line A2.01 does not involve Fas-

FIG. 9. Cell death in A2.01 cells expressing wild-type (wt) or mutant CD4 is
not mediated by Fas-Fas ligand interaction. (A) Susceptibility of A2.01 cells
expressing wild-type CD4 to the agonistic anti-Fas antibody (clone CH-11).
Apoptosis was determined in cells cultured for 4 h with CH-11 MAb (0.2 mg/ml)
in the absence or presence of the antagonistic decoy Fas antibody (Fas-Fc, 10 mg/
ml). (B) Apoptosis upon HIV-1 infection in wild-type and mutant CD4 while
preventing Fas-Fas ligand interaction with the antagonistic decoy Fas antibody
(Fas-Fc 10 mg/ml). Infected cells were cultured with soluble Fas-Fc for 3 days,
and apoptosis was assessed by fluorochrome-labelled annexin-V binding on day
3 after infection. HIV-infected cells cultured in the absence or presence of sol-
uble Fas-Fc and uninfected cells are represented. The results presented are rep-
resentative of two individual experiments. diC, dicysteine. (C) Fas ligand mRNA
expression in wild-type CD4 and CD4 mutants infected with HIVLAI. RNAs pre-
pared from 2 3 106 cells at 0, 24, and 48 h after infection were reverse tran-
scribed into cDNAs, and the products were amplified by PCR with FasL and b-
actin primers. Results for wild-type (lanes 1, 5, and 9), 402 truncated (lanes 2, 6 and
10), diC (lane 3, 7 and 11) and 418 truncated (lanes 4, 8 and 12) CD4 are shown.

TABLE 1. The anti-CD4 MAb 13B8-2 inhibits HIV-mediated
apoptosis in A2.01 cells expressing the CD4 receptor

CD4

% of apoptotic cells at
day 4 after infectiona

p24 (ng/ml) at day 4
after infection

HIV HIV 1
13B8-2

HIV 1
OKT-4 HIV HIV 1

13B8-2
HIV 1
OKT-4

Wild type 21.8 11.8 20.9 1,180 1,380 2,890
M407T 22.4 9.7 24.7 1,170 3,080 2,410
dileucine 19 7.4 21.9 2,100 2,610 1,590
dicysteine 11 0.5 8 2,750 1,060 790
402 truncated 4.4 2.5 5.6 1,140 2,560 1,060
418 truncated 11.8 2.8 6.2 2,400 1,270 1,780

a Apoptosis was assessed by cell cycle analysis by flow cytometry with pro-
pidium iodide. Percentages of apoptotic cells were obtained by subtracting back-
ground apoptosis for uninfected cell lines. Levels of apoptosis in uninfected cells
ranged between 4 to 8% (except for cells expressing the dicysteine, mutant where
background was up to 20%).
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Fas ligand interaction, despite the presence of a functional Fas
pathway, but remains sensitive to Fas modulation as exempli-
fied by potentiation of cell death by ZB4 in HIV-infected cells.

DISCUSSION

Our group previously demonstrated that the CD4 cytoplas-
mic tail is required for HIV-induced apoptosis (21). Here, we
investigated the role played by CD4 signaling in HIV-induced
apoptosis and determinated whether Fas-Fas ligand interac-
tion and Fas pathway were involved in this process. To investi-
gate the role played by the CD4 cytoplasmic tail in the process
of HIV-induced apoptosis, wild-type and mutated CD4 recep-
tors were introduced into the A2.01 lymphoblastoid T-cell line,
a variant of the A3.01 T-cell line that lacks CD4 expression (28,
29). The cytoplasmic tail was essential in delivering a signal for
apoptosis during HIV-1 infection, independent of the CD4-
p56lck association. More specifically, the sequence located be-
tween amino acid residues 402 and 418 of the cytoplasmic tail
was shown to be required for HIV-induced apoptosis in acutely
infected cells. The growth rates of HIV were comparable in an
acute infection of cells expressing wild-type or mutated CD4
receptors. Thus, the potential for transducing an apoptotic sig-
nal was not related to differences in viral production.

The role of NF-kB in mediating apoptosis in cells expressing
wild-type or mutant CD4 receptor was addressed, since NF-kB
activation has been reported to either protect or induce apo-
ptotic cell death (4, 7, 34, 52). In our acute-infection model, the
propensity of cells expressing different CD4 molecules to un-
dergo apoptosis was not related to differences in basal NF-kB
activity and HIV-induced apoptosis did not lead to NF-kB ac-
tivation.

Cell death was also unrelated to the expression of gene
products from the Bcl-2 family (Bcl-2, Bcl-XL, and Bax) that
modulate apoptosis (47). Cross-linking of the CD4 receptor
by anti-CD4 MAb or HIV envelope protein gp120 has been
shown to reduce the expression of Bcl-2 in CD41 T cells (36).
However, A2.01 lymphoblastoid T cells expressing wild-type

and mutated CD4 receptors lacked endogenous Bax (death
promoting) and presented no striking difference in the levels of
Bcl-2 or Bcl-XL (survival factor) during HIV infection (results
not shown). The association of p56lck with CD4, mediated
through cysteine motifs in the cytoplasmic tail of CD4 and the
N-terminal region of p56lck (69), is critical for CD4-mediated
signaling in T-cell activation (31, 63, 73). However, some re-
ports support a signaling role for the CD4 receptor without
involving the p56lck protein (46, 51). In our study, the induction
of apoptosis required signaling through the CD4 cytoplasmic
tail; however, the apoptotic process was independent of the
association of the protein tyrosine kinase p56lck with the cyto-
plasmic tail of CD4 and did not require activation of p56lck

signaling. The stability of CD4 expression at the cell surface
was lower for the dicysteine and the 418 truncated mutants,
and this instability increased with passaging. This lower stabil-
ity was reflected by the variability in the levels of apoptosis
observed for these mutants in the data presented in Table 1 in
comparison to Fig. 3 and 10, with lower and comparable levels
of apoptosis in cells expressing wild-type CD4 respectively.
However, despite the disruption of the CD4-p56lck association,
these cells underwent apoptosis, demonstrating that p56lck was
not critical for HIV-induced apoptosis. CD4 expression was
stable for wild-type CD4 and the other mutants (M407T, dileu-
cine, and 402 truncated) that could associate with p56lck. We
have previously shown that expression of p56lck in C8166-45 or
MT-2 cells, both deficient in p56lck, increased HIV-induced
apoptosis and syncytium formation (21); the role of p56lck in
these studies may have been to maintain CD4 to the cell sur-
face for a longer period (58). Our results indicate that another
signaling pathway, independent of lck, is participating in HIV-
induced apoptosis and that residues in the cytoplasmic tail
proximal to the p56lck binding domain are critical to transduce
the apoptotic signal.

To determine if prolonging the presence of the CD4 recep-
tor at the cell surface would increase HIV-induced apoptosis,
we examined CD4 down-regulation during HIV infection in
cells expressing wild-type and mutant CD4 receptors. Con-
structs with mutations at the dileucine motif and residue 407
were of particular interest since expression of Nef has been
shown to mediate endocytosis of CD4 from the cell surface
through a dileucine motif in the cytoplasmic tail (1, 33, 41).
The hydrophobic residue 407 has also been shown to contrib-
ute to CD4 down-modulation by Nef (41, 60). However, under
our conditions of acute HIV-1 infection and in contrast to
studies of transiently coexpressed Nef and CD4, CD4 down-
modulation was unaffected by the expression of these mutant
receptors compared with wild-type CD4. This suggests that
cooperative effects of Vpu and Env may be sufficient to com-
pensate for the lack of Nef in effecting CD4 down-modulation.
Therefore, the dileucine motif and residue 407 are not critical
for CD4 down-regulation during an acute HIV-1 infection of
lymphoblastoid T cells, despite the apparent function of Nef in
the early phase of virus infection (14, 16, 17). The CD4 recep-
tor mutated at the dicysteine motif was down-regulated more
rapidly than was wild-type CD4 after HIV-1 infection; how-
ever, this did not interfere with the induction of apoptosis,
suggesting that initial signaling through the CD4 cytoplasmic
tail is a primary determinant for the subsequent induction of
apoptosis.

Jacotot et al. (43) have reported that the CD4 cytoplasmic
tail is dispensable for HIV-induced apoptosis; however, in
these experiments, CD4 expression was not comparable to
wild-type CD4 and was heterogeneous in cells expressing the
truncated CD4 receptor. The conditions of infection were dif-
ferent since these authors used a lower MOI. Nevertheless,

FIG. 10. Apoptosis upon HIV-1 infection in cells expressing wild-type (wt) or
mutant CD4 while preventing Fas-Fas ligand interaction with the IgG1 anti-Fas
antibody ZB4 (0.2 mg/ml). Apoptosis in HIV-infected and uninfected cells was
measured each day under light microscopy. Apoptosis on day 4 after infection,
after 72 h of treatment with ZB4 MAb, is shown. The results presented are
representative of two independent experiments. diC, dicysteine.
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apoptosis was still delayed in HIV-infected cells expressing the
truncated CD4 cytoplasmic tail. Lastly, apoptosis was moni-
tored by analyzing DNA fragmentation and the presence of
nucleosomal histone which detect cells in the late phases of
apoptosis. Here, apoptosis was assessed by three different meth-
ods: fluorochrome labeled annexin-V binding (an early step),
cell cycle analysis and light microscopy, all of which gave con-
cordant results which confirmed that the CD4 cytoplasmic tail
is critical for HIV-induced apoptosis in an acute infection.

Our data suggest that HIV infection could generate a pre-
apoptotic state in HIV-infected cells by lowering the signal
threshold that primes for apoptosis. Additional signals medi-
ated through the CD4 receptor and the Fas/CD95 molecule
were able to modulate the apoptotic outcome of HIV infec-
tion. Anti-CD4 antibody 13B8-2 inhibited HIV-induced apo-
ptosis in productively infected A2.01 lymphoblastoid T-cell
line, independently of its antiviral effect. Moreover, this phe-
notype was confirmed in primary CD41 T cells. In contrast to
the results of Benkirane et al. (8), HIV production was unaf-
fected by 13B8-2 MAb treatment. The reason for this discrep-
ancy in the ability of 13B8-2 MAb to inhibit HIV-1 replication
may be the conditions of infection used. We used a 200- to
1,000-fold higher multiplicity of infection (MOI of 0.1 to 0.5)
and allowed fusion of virions to the cell membrane to proceed
at 37°C. Under such conditions, the effect of 13B8-2 MAb
treatment on HIV production was not apparent, despite pre-
venting HIV-induced apoptosis. These results suggest that
13B8-2 interferes with the transduction of an apoptotic signal
during acute HIV infection. Moreover, this effect was specific
to MAb 13B8-2, since OKT-4, which also binds CD4, did not
affect HIV-induced apoptosis. Hypothetically, 13B8-2 might
rescue infected cells from apoptosis by interfering with the
dimerization process of the CD4 receptor and CD4 signaling
that triggers apoptosis. Several studies have shown that nega-
tive charges on the CDR3-like region of CD4 domain 1 may be
critical for CD4-mediated signal transduction and may repre-
sent a major site for CD4 dimerization (9–11, 30, 48). Indeed,
dimerization of cell surface receptors may be a general mech-
anism for the regulation of signal transduction (37). However,
it is also possible that 13B8-2 partially affects gp120-CD4 as-
sociation and interferes with membrane fusion; conflicting data
have been reported for the CDR3 region, either confirming
(13) or refuting (12) a role for the CDR3 region in the fusion
process. The mechanism by which 13B8.2 MAb inhibits apo-
ptosis is under investigation. Our collaborators have found that
an uncharacterized protein which binds to the CD4 cytoplas-
mic tail, independently of the cysteines at position 420 and 422,
could be responsible in mediating the signal transduction event
associated with inhibition of HIV replication (at low MOI)
(22).

In this experimental model of HIV-induced apoptosis, we
examined whether the mechanism by which HIV infection
primes for apoptotic cell death was related to the expression of
death factors that regulate apoptosis. Among the numerous
factors that regulate cell death in mammalian cells (for a re-
view, see reference 56), the Fas-Fas ligand system has been
shown to be involved in T-cell apoptosis in HIV-1-infected
patients (6, 24, 25, 45). We investigated in detail the role of
Fas-Fas ligand in HIV-induced apoptosis in wild-type and mu-
tated CD4 receptors. Neither the antagonistic decoy Fas anti-
body (Fas-Fc) nor the IgG1 anti-Fas antibody clone ZB4 pre-
vented apoptosis induced by HIV infection. In agreement with
a recent report (32), this suggests that HIV-induced apoptosis
is not mediated by Fas-Fas ligand interaction in lymphoblas-
toid T-cell lines. Intracellular signaling events mediated by
anti-Fas MAb ZB4 have been shown to prevent apoptosis

induced by Fas-agonistic antibody clone CH-11. However, in
acute HIV infection, anti-Fas MAb ZB4 potentiated apoptotic
cell death, suggesting that cross-linking of Fas by ZB4 may be
more efficient in delivering a death signal in HIV-infected cells.
Fadeel et al. (26) have reported that anti-Fas IgG1 antibodies
recognizing the same epitope of Fas/CD95 may mediate dif-
ferent biological effects in vitro. Moreover, in a recent report,
Tanaka et al. (65) have shown that signaling through the sol-
uble form of Fas ligand and signaling through the insoluble
membrane-bound Fas ligand have different outcomes. In this
study, the different outcome of ZB4 signaling in uninfected
and HIV-infected cells may be related to a lower threshold for
apoptosis or to the recruitment of a more efficient death-in-
ducing signaling complex at the plasma membrane in HIV-
infected cells. Thus, ZB4 signaling may either inhibit (Fas
antagonist) or promote (HIV infection as reported here) apo-
ptosis depending on the cellular conditions. The induction of
apoptosis triggered by treatment with the anti-Fas MAb ZB4,
although very potent at increasing the extent of apoptosis in
HIV-infected A2.01 cells, could not potentiate the induction of
apoptosis in primary CD41 T cells (data not shown). This im-
plies that other compensatory mechanisms are operating in
primary cells or that the signal transduction pathway respon-
sible for the increased susceptibility to apoptosis is not opera-
tional in the primary T cells.

In summary, our studies demonstrate the role of the CD4
cytoplasmic tail in transducing a signal to mediate HIV-in-
duced apoptosis, independent of CD4-p56lck signaling. CD4 sig-
naling was critical and discriminatory since anti-CD4 antibody
13B8-2 but not OKT-4 could abrogate apoptosis in spite of
intense viral replication. This suggests that signaling through
the CDR-3 region of the CD4 receptor is important and that
dimerization of the CD4 receptor may be required in this
process. Moreover, initial signaling mediated through the CD4
receptor was a primary determinant for the induction of apo-
ptosis; apoptosis was not modulated by a prolongated presence
of the CD4 receptor at the cell surface, and early interference
with CD4 signaling using anti-CD4 antibody 13B8-2 was able
to prevent apoptosis in HIV-infected cells. The propensity to
undergo apoptosis was independent of Fas-Fas ligand interac-
tion. However, a role for Fas signaling could still be invoked by
the potentiation of apoptosis when HIV-infected cells were
treated with the anti-Fas antibody clone ZB4.
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